Purpose The use of bagasse and trash from sugarcane fields in ethanol production is supposed to increase the ethanol yield per hectare, to reduce the energy demand, greenhouse gas emissions, and other environmental impacts. In this article, different technological options of ethanol production are investigated and quantified looking at potential environmental impacts. The firstgeneration ethanol from sugarcane is compared to stand-alone second-generation ethanol as well as an integrated first-and second-generation ethanol production. Methods The method applied for this life cycle assessment follows the ISO standards 14040/44. The data used in this life cycle assessment is mainly derived from process simulation, literature, and primary data collection. Background data was taken from databases such as GaBi and ecoinvent. The life cycle impact assessment follows the default methods at midpoint level recommended by the International Reference Life Cycle Data System. The calculations were performed using the GaBi 7 life cycle assessment software. It is assumed that 50% of sugarcane trash is recovered and used for second-generation ethanol production, whereas the other 50% remain in the field to maintain soil fertility and to prevent soil erosion. In the case of first-generation ethanol, the same amount of trash is used for energy generation. Results and discussion The results of the life cycle impact assessment show that, compared to first-generation ethanol, secondgeneration ethanol from sugarcane in Brazil allows significant reductions in all investigated impact categories except resource depletion. Resource depletion, however, is strongly influenced by the demand for ammonium phosphate which is needed for inoculum preparation. Integrated first-and second-generation ethanol production also allows reductions in most of the environmental impacts except for global warming, photochemical ozone depletion, and resource depletion. The yield of ethanol per hectare increases since bagasse and trash are used for the production of second-generation ethanol. Consequently, the results show that agricultural land occupation is reduced for integrated first-and second-generation ethanol by approximately 11%, whereas second-generation ethanol allows reduction of land use by approximately a factor of 30. Conclusions The use of bagasse and trash for ethanol production allows both the reduction of several environmental impacts and land use, in particular, because impacts caused by sugarcane cultivation are avoided. For the integrated first-and secondgeneration ethanol scenario, it is important to further reduce the total energy demand in order to achieve self-sufficiency for the plant energy and to avoid additional emissions from burning fossil fuels.
Introduction
Brazil is the largest producer of sugarcane in the world with 736 million tons of sugarcane in 2014, representing 36.6% of world production (Food and Agriculture Organization FAO 2016) . According to FAO (2016) , the yearly produced amount of sugarcane in Brazil relates to 10.4 million hectares of arable land. Since cultivation of sugarcane in Brazil has been optimized for about 500 years, nowadays, high biomass yields in monocultures are achieved of more than 70 tons/(ha·a). In addition, in the last 20 years, the mechanization of the planting and harvesting processes in sugarcane production has increased significantly reaching more than 70%. The mechanization goes along with intense equipment traffic at harvesting causing also negative impacts such as soil compaction (Magalhães et al. 2012) and an increase of the impacts fossil depletion, ozone depletion, and terrestrial acidification due to a higher use of fertilizer and diesel (Du et al. 2018) . Today, in Brazil, mainly first-generation (1G) ethanol is produced using only the sugar from the sugarcane plant for ethanol production. Bagasse, which makes up about 35% (energetic content) of the sugarcane plant, is exclusively used to generate energy. In order to valorize bagasse and trash, researchers investigate new conversion technologies that are able to process the whole sugarcane plant and can produce ethanol also from lignocellulosic material (second-generation (2G) ethanol) in a cost and energy efficient way. The reasons for that are, for example, limited land availability and strong restrictions to extend areas for energy plantations due to competition with food crops, logistical requirements, and climate conditions. Moreover, 2G ethanol promises lower environmental impacts compared to 1G ethanol (Roy et al. 2012) . However, there are multiple technological approaches under discussion which differ strongly. In the EU-funded project ProEthanol2G , the Fraunhofer Institute for Environmental-, Safety-and Energy Technology UMSICHT, the Laboratório Nacional de Energia e Geologia (LNEG), and further European and Brazilian partners cooperated to investigate several technological approaches for developing second-generation technologies. The authors intend to present the most relevant data obtained in this EU project, particularly concerning the environmental impacts of ethanol production in a stand-alone 2G ethanol plant and in an integrated firstand second-generation (1G2G) ethanol plant compared to the current 1G ethanol Brazilian industry.
While performing a screening of the literature, the authors identified 12 relevant studies within the field of environmental impacts of bioethanol production. Three studies consider 1G, five studies consider 2G, two studies compare 1G and 2G, and two studies consider the integrated 1G2G ethanol production. The most important publications for this study are those which cover the comparison of 1G and 2G as well as 1G2G ethanol production. For a deeper analysis of the studies, see Table S1 in the Electronic Supplementary Material and the literature reviews of Roy et al. (2012) and Wiloso et al. (2012) . Cavalett et al. (2017) present a life cycle assessment (LCA) of 2G ethanol production in Brazil considering current and future technologies to represent its technology evolution, compared to the 1G process. Luo et al. (2009) compare LCA results of different allocation methods with an example of gasoline and 1G ethanol used in a mid-size car as fuels. The work of Gnansounou et al. (2015) addresses the performance in an economic and environmental way of integrated biorefineries based on sugarcane juice and residues. The paper of Ometto et al. (2009) presents an LCA of fuel ethanol from sugarcane in Brazil. Rezende et al. (2016) assess the biochemical-thermochemical hybrid route through the recovery of the residual cellulignin from pretreatment and hydrolysis of sugarcane bagasse and straw in an integrated 1G2G ethanol plant, by means of residual cellulignin gasification in a thermochemical ethanol plant. To the best of our knowledge, no study compares the environmental impacts of using the whole sugarcane plant for 1G ethanol production, 2G ethanol production, and integrated 1G2G ethanol production in Brazil. This gap will be filled with this paper focusing on the evaluation and comparison of the potential environmental impacts of current 1G ethanol from sugarcane with stand-alone 2G ethanol produced from sugarcane bagasse and trash as well as ethanol produced by an integrated system combining 1G2G ethanol technology.
The article is structured as follows. In Section 2, we present our research methodology and state methodological assumptions such as the goal and scope for the present LCA study of the bioethanol production systems. Furthermore, we present the system description and the inventory data. In Section 3, the authors present their findings by showing the result of the life cycle impact assessment (LCIA) and are highlighting the category land use. Finally, in Section 4, conclusions are drawn for the production of 1G, 2G, and 1G2G ethanol.
Research methodology
The methodological structure is based on ISO 14040 (ISO 2006) and ISO 14044 (ISO 2006) which are describing the standardized approach of LCA.
Methodological assumptions

Goal and scope
The purpose of the study is to perform an LCA to compare and evaluate current 1G ethanol from sugarcane with stand-alone 2G ethanol produced from sugarcane bagasse and trash as well as with an integrated 1G2G ethanol technology. The system boundaries are defined from cradle-to-gate considering the production stages of sugarcane production, harvesting of sugarcane and straw, cogeneration of electricity and steam, production of sugar and ethanol, and recycling of industrial residues (vinasse, filter cake, and ash) into sugarcane fields as well as all required upstream processes. Based on the average size of 1G sugar and ethanol plants in Brazil and also following some studies already published in the literature (Dias et al. 2010) , a medium-size plant processing 500 tons of sugarcane per hour is assumed.
Functional unit
The functional unit and respectively reference flow correspond to the production of 1 L (0.79 kg) hydrate ethanol. Since the three technological approaches produce different products in different quantities, an allocation method is required which is described in the following.
Allocation
A key point in the LCA of bioenergy systems is to deal with the multi-functionality issue (Gnansounou et al. 2009 ). The sugarcane processing of the three systems produces the final products ethanol, sugar, and surplus electricity. Other outputs such as boiler ashes, sugarcane trash, vinasse, and filter cake are assumed to be consumed within the system boundaries. Additional water leaving the system boundaries is not considered.
Principally, handling of multi-functionality can be addressed by system expansion or for example by allocation procedures. Although system expansion is recommended by the ISO 14044 standard, this approach is not suited for the goal of the study. The goal of the study and selected functional unit requires calculating exclusively the environmental impacts of ethanol production. The system expansion approach, however, would also cover the byproducts of ethanol production which are not in the focus of this LCA study. When applying allocation, ISO 14044 states allocation should preferably be applied using physical relationships such as mass or energy. In our case, allocation by mass is not applicable since the output electricity has no mass. Alternatively, allocation by the energetic value can be applied which is investigated in this study. Although allocation by economic value is the last resort according to ISO 14044, we decided to apply economic allocation to all final products as the preferred method. This choice can be justified because, in contrast to energetic allocation, economic allocation accounts for the competitiveness of sugarcane processing outputs. Consequently, the ethanol production systems (1G, 2G, and 1G2G) are considered as a Bblack box.^As also performed by Tsiropoulos et al. (2014) , multi-functionality of this Bblack box^is solved based on respective prices for sugar, ethanol, and electricity. In order to investigate the influence of choosing monetary allocation instead of energetic allocation, allocation by the energy content (higher heating value) of the final products is investigated additionally. Allocation factors are presented in Tables 1, 2,  and 3. For the 2G ethanol production system, further allocation is needed to deal with bagasse as input. The bagasse, which is further processed in the 2G ethanol plant, comes from the 1G ethanol plant and would alternatively be used for heat and electricity production. Therefore, a monetary allocation for bagasse of 103.3 R$/t of bagasse (dry basis) (Milanez et al. 2015) is applied based on the opportunity cost of electricity generation in this case. Assuming a price for sugar produced from sugarcane juice of 1000 R$/t (Milanez et al. 2015) , approx. 9% of the burdens of sugarcane production and transport are allocated to the bagasse stream and 91% to the sugar juice stream.
Following the methodology of the European Union for the promotion of the Renewable Energy Sources Directive (EU 2009), straw, also known as trash, recovered from sugarcane fields is considered to not have any environmental burdens as it is usually not used in Brazil and can be considered as residue. Usually, the straw (trash), which consists of green leaves and tops, is mostly wasted by either burning on the field or is left on the ground to decay ). The preharvesting sugarcane burning facilitates harvesting and transport operations but also leads to harmful emissions and health risks (de Souza Paraiso and Gouveia 2015) . In order to assess the potential environmental impacts of straw provision, only the additional inputs to collect and transport trash are included.
The following monetary values are applied to allocation issues and are based on the national average for the Brazilian perspective: anhydrous ethanol 1.34 R$/L; electricity 132.43 R$/MWh, and sugar 1.00 R$/kg (exchange rate of 2.30 R$/US$). The data is taken from Milanez et al. (2015) .
Data basis
Foreground data for the 1G, 2G, and 1G2G integrated ethanol production systems is based on simulation data which was generated using the process simulation software SuperPro Designer v.8.5. As input parameter for the process simulation, literature data as well as primary data generated by experiments within the ProEthanol2G project is used. References used for the definition of input parameter entering the process simulation is presented in detail in the chapter BSystem description and inventory data.P rimary data for the agricultural activities (sugarcane production) were generated by the CanaSoft model which was developed by Brazilian Bioethanol Science and Technology Laboratory (CTBE), one of the national laboratories of the Brazilian Center of Research in Energy and Materials (CNPEM) ). The CanaSoft model uses official statistical data, data from consultancy companies as well as primary data after consultancy with agricultural experts for validation. Data is representative for the Center-South of Brazil. Due to the importance of the feedstock supply, the life cycle inventory (LCI) of sugarcane production is presented in Table S2 in the supplementary data. Background data for agricultural activities are taken from the ecoinvent database version 2.2. (Frischknecht et al. 2005) .
Most other background data, e.g., for electricity generation or working materials such as limestone flour is taken from GaBi database 7 (thinkstep 2017) and if needed is complemented by data taken from the ecoinvent v2.2. database (Frischknecht et al. 2005 ).
Impact assessment methodology
The LCIA methods used in this study are the recommended default methods at midpoint level by the Joint Research Centre (JRC) (2011). The authors include LCIA methods for the level I (recommended and satisfactory) recommended impact categories climate change (excl. and incl. biogenic carbon), ozone depletion, and particulate matter/respiratory inorganics as well as the LCIA methods for the level II (recommended but in need of some improvements) recommended impact categories ionizing radiation (human health), photochemical ozone formation, acidification, eutrophication (terrestrial and aquatic), and resource depletion (mineral, fossils, and renewables). Possible impacts of land use are not addressed since this category falls into level III (recommended, but to be applied with caution). Moreover, land use impacts on the endpoints biodiversity or on ecosystem services, as described in Hauschild and Huijbregts (2015) , are not covered since exclusively midpoint indicators are taken into consideration. In addition, the kind of land use impacts caused by sugarcane production are probably the same since in all ethanol production systems, including 1G, 2G, and 1G2G, sugarcane production is required. The major difference between the three approaches is the amount of occupied land which is needed to produce 1 L of ethanol. That is why in this study, land use is exclusively addressed according to the annually occupied area (agricultural land) needed for the production of 1 L of ethanol. As we are following an attributional approach, indirect land use impacts are also not considered. Moreover, according to Nassar et al. (2008) , there are no evidences that expansion of sugarcane production in Brazil whether has direct effects on natural vegetation land nor causes deforestation by indirect land use effects.
Time and region
The assessment refers to the conditions typically be found in the São Paulo region in Brazil. The state of the technology refers to the year 2015, whereby the development of the investigated technologies differs. The industrial production of 1G ethanol in Brazil has been developed and optimized for more than 50 years whereas 2G technology only reached the commercial stage in 2014/2015 ). The first 2G ethanol plant in Brazil belongs to GranBio Investimentos S.A. (Bioflex 1) and started to operate in the last quarter of 2014 in the state of Alagoas and has a nominal capacity of 65,000 t/year of ethanol production from sugarcane trash. Although the plant is located close to a 1G ethanol plant, it should be considered as stand-alone since they only share a common combined heat and power (CHP) unit integrated into the same site for both plants. The second 2G commercial ethanol plant started to operate in 2015 which is based on the Costa Pinto sugar cane mill in Piracicaba, São Paulo, Brazil, and it is a joint venture between Raízen (former Cosan) and the Canadian Iogen Corporation. This plant is a 1G2G ethanol co-located plant and represents the Brazilian first step for testing the concept of the 1G2G combination. However, it will take several years for overcoming the technological challenges and to optimize the technical, economic, and environmental impacts of those biorefineries. In the next sub-sections, the modeled, investigated, and evaluated technologies in this paper are described in detail.
System description and inventory data
Process description of 1G ethanol from sugarcane
In Brazil, approximately 70% of the sugarcane 1G processing units are annexed plants (Nogueira et al. 2008a ). In such an annexed plant, a portion of the sugarcane juice is used for sugar production and the other part of the sugar juice together with the molasses, which are left over from sugar crystallization, is used for ethanol production. The energy demand of the sugarcane plant facility, both thermal and electric energy, is provided by CHP plants using bagasse as fuel. The sugarcane processing plant is assumed to have a capacity of 500 t of sugarcane (TC) per hour, for 167 days/year, processing approximately 2 million tons of carbon per year. The product system for 1G sugarcane processing facility includes nine processes (P) as shown in Fig. 1 : (P1) sugarcane production system and trash harvesting from the field, (P2) sugarcane cleaning, preparation, and milling, (P3) sugarcane juice treatment, (P4) evaporation (for sugar production), (P5) sugar production, (P6) yeast fermentation; (P7) yeast acid wash for recycling (P8) distillation and dehydration, and (P9) steam and power generation. For each process, the following specific considerations are taken into account.
The processes sugarcane production system and trash harvesting from field, loading, and transportation (P1) are based on a usual sugarcane production system in the Center-South of Brazil with 100% of the harvesting and planting using mechanized operations without preharvesting burning of straw. The inventory was processed using the CanaSoft model which is a tool developed at CTBE for modeling life cycle inventories of different sugarcane production scenarios . This model includes all the agricultural operations (preplanting, planting, cultivation, harvesting, and transport processes) related to sugarcane production process. The CanaSoft model has been used with success for comparing economic and environmental aspects of different industrial biorefinery alternatives (Cavalett et al. 2012; Dias et al. 2012) , economic aspects of different sugarcane straw recovery systems , and integrated agricultural and industrial scenarios (Cavalett et al. 2013; Cunha et al. 2013 ) beyond other biorefinery alternatives.
In the sugarcane production system, the average yields of sugarcane stalks and straw, consumption of fertilizers, pesticides, diesel, machinery, infrastructure, and land use were considered. The inventory also includes the transport of the inputs from regional storage to the field and the transport of sugarcane from the field to the industry. The model also considers the application of vinasse (liquid residue from ethanol distillation process, rich in potassium that is returned into the sugarcane field in order to recycle nutrients) and other industrial residues such as filter cake mud and ashes in the cultivation step. For the application of vinasse, the CanaSoft model assumes a transfer by open channels (36%) and by tanker trucks (37%) followed by the application of suitable aspersion systems . For vinasse, a content of 0.36 kg nitrogen/m 3 is considered and 12.5 kg nitrogen for filter cake . The model also includes dinitrogen monoxide emissions from the returned residues vinasse and filter cake based on values taken from (IPCC 2006) . No N 2 O emissions are considered for ashes applied in sugarcane field. Heavy metals in ashes, vinasse, and filter cake are considered as emissions to soil since these residues are applied in sugarcane cultivation. The LCI of sugarcane cultivation and harvesting is presented in Table S2 in the Electronic Supplementary Materials.
According to Magalhães et al. (2012) , large amounts of residues, ranging from 10 to 20 t ha (2010) reported that at least 33% of the total trash should remain in the field. At longer terms, trash deposition in the field, when decomposed, contributes for increasing the content of organic matter leading to richer nutrient soils with better physical structure prone to next season mechanical sugarcane plantation. Hence, removal of straw can lead to a reduction of soil organic carbon and minerals in the soil and should be limited to a reasonable content. Under unfavorable conditions, its removal may even lead to an increase in erosion with over an order of magnitude (Reijnders 2006) . In order to avoid such losses, a more conservative value is assumed of 50 wt% of dry matter (DM) to be left in the field which is also recommended by Leal et al. (2013) . Cardoso et al. (2013) evaluated the two main management systems for trash recovery. They analyzed integral and baling systems and three different recovery fractions of 30%, 50%, and 70% of the total amount of trash. The study concluded that baling systems are slightly superior to the integral systems, in economic terms, when the agricultural and industrial phases are considered. Therefore, in this study, we consider that 50% straw (a total value of 5.8 tons on a dry basis of trash is recovered per hectare) which is recovered and transported as bales 35.3 km.
For 1G ethanol, trash is used as fuel in steam and power generation (P9). Since data for straw burning are rarely available, emission factors for bagasse burning provided by the tool Bwebfire^launched by the Environmental Protection Agency of the United States are used instead (Aul and Cordova 1993) .
After sugarcane production, sugarcane undergoes cleaning, preparation, and milling (P2). Thereby, the harvested sugarcane enters the mill together with dirt and other impurities dragged in the harvesting process. In order to get rid of these impurities, sugarcane is cleaned using washing water, which is recycled to the cleaning process after removal of dirt and other impurities. The efficiency of dirt removal in the washing process is 90% (Nogueira et al. 2008b ). The amount of sugar lost during the whole sugarcane washing process is calculated as 1% of the losses (3.2 kg sugar/TC; 1 TC contains 318 kg sacarose) and the average amount of water dragged with sugarcane during washing is 7.5 t/100 TC as observed by Rein (2017) . The cleaned sugarcane undergoes some preparation steps using equipment such as shredders and hammers in order to cut and to open the sugarcane stalks (Chandel et al. 2014 ). The applied mechanical treatment promotes the extraction of sugars in the following process steps. About 4.4% of sugarcane (22 tons per hour) at this stage is trash and is directly sent, equal to the trash from the field, as input to the cogeneration system (P9). The following juice extraction is carried out by crushing mills. Thereby, sugarcane juice and bagasse are separated. Imbibition water at a rate of 28 wt% of the sugarcane flow and at 50°C is used to enhance sugar recovery. The efficiency of the sugar extraction in the mills is assumed to be 96% (Walter et al. 2008) . In order to remove the remaining solid particles from the sugarcane juice, a rotary screen with an efficiency of 65% is applied (Chandel et al. 2014) . At this stage, the bagasse moisture content is about 50%. Following extraction, juice receives a chemical treatment to remove other impurities which are summarized as juice treatment (P3). P3 consists of juice heating from 30 to Fig. 1 System boundaries of a 1G ethanol plant in Brazil 70°C, the addition of lime (alternatively phosphoric acid could be used) followed by a second heating of the juice up to 105°C (Centro de Tecnologia Copersucar 1987) . The heated juice is flash evaporated to remove dissolved air. Afterwards, a flocculent polymer, which is not considered in LCI due to lack of data, is added in order to remove impurities by gravity. In order to remove the remaining solid particles that were not removed in the clarifier, a further treatment of the clarified juice is applied using screens (Chandel et al. 2014 ).
The clarified juice, which was produced for sugar production, contains around 15 wt% solids and is further heated up to 98°C in a five-stage multiple effect evaporator where the juice is concentrated up to 65 wt% solids. This evaporation step refers to P4.
In the following sugar production (P5) step, vacuum pans and crystallizers operated in fed-batch mode are used to separate the sucrose present in the syrup as sugar crystals from the solution (Chandel et al. 2014) . For the simulation model, a system approach is chosen in order to separate the crystals. The separation step ends in two types of sugars: the grade BAŝ ugar, which is the final product, and the grade BB^sugar which is an intermediate sugar that is recycled within the system. The Brix, which reflects the content of sugars in an aqueous solution, of the BA^sugar is 99°Bx (Ribeiro 2003 ). This sugar is finally dried in a rotary dryer at 100°C (de Camargo and Ushima 1990) and is cooled before shipment. The residual solution of sugars (molasses) is forwarded to the fermentation reactor.
The subsequent process yeast fermentation including yeast propagation (P6) includes the following steps. Ethanol is produced by yeast fermentation of sucrose, glucose, and fructose, the latter two sugars in minor amounts compared with sucrose. The fermentation medium is supplemented by some minerals for optimum yeast growth. The reaction is exothermic and requires spreading cooling water in the outer walls of the fermentation reactors. This operation unit is carried out under non-sterile conditions. An optimal concentration of sucrose of 18-22 wt% mass is assumed in this work. This process is performed at 35°C for up to 12 h with a yeast pitch of approx. 10 g dry weight (DW)/L. Since the yeast pitch only occurs once during an entire cycle of 167 days of plant operation, it was ignored for modeling purposes. The yeast grows approximately three times till 30 g DW/L. The gases which are released during the fermentation process in the fermenters are collected and forwarded to an adsorption column in order to recover the entrained ethanol using water as adsorption media. Afterwards, the wine from the fermentation process is mixed with the alcoholic solution obtained in the absorption process and is sent to purification.
At the end of each fermentation batch, yeast is separated, 5 g of sulfuric acid (98 wt%)/L ethanol is used for yeast washing to increase cell membrane vitality as well as to prevent bacterial contamination and is recycled for another fermentation cycle. This process (P7) is summarized as yeast acid washing.
In order to receive hydrated ethanol, a distillation and dehydration (P8) step is carried out which concentrates the wine until alcoholic content is close to the azeotropic point which is between 92.6 and 93.8 wt% (Dias 2008 ). The convectional distillation process is comprised of two sets of columns: a stripping unit and a rectification unit. Hydrated ethanol (93 wt%) is produced on top and nearly pure water (vinasse) is obtained on the bottom. Fusel alcohol, containing most of the higher alcohols, is obtained as a side withdrawal. Since ethanol dehydration cannot be performed by a convectional distillation due to the azeotropic nature of ethanol solution (93.8 wt%) at atmospheric pressure, an alternative method of separation must be considered (Dias 2008) . For this study, anhydrous ethanol (99.3 wt%) is obtained in an adsorption process using molecular sieves.
In order to generate energy on-site, a steam and power generation (P9) unit is applied. The cogeneration systems (CHP) present in Brazilian sugarcane mills are based on the Rankine cycle. As feedstock trash and bagasse is used, the latter occurs as a byproduct in the biomass preparation step P2 (approximately 135 kg/TC, dry basis). Both bagasse and trash are incinerated in the cogeneration system to generate thermal and electrical energy for the sugar and ethanol production process. Efficient boilers and turbines are assumed working with high pressure steams (650 bar) in order to increase the recovered energy. The surplus electricity is assumed to be sold to the power grid.
The main inputs and outputs of 1G ethanol production are summarized in Table 1 . A detailed overview of the mass and energy flows of each process is given in the Electronic Supplementary Material in Table S3 .
Process description for stand-alone 2G ethanol
The product system for stand-alone 2G ethanol covers nine processes as shown in Fig. 2 : (P1) sugarcane bagasse transportation from 1G to 2G plant, (P1a) trash harvesting from field, loading, and transportation, (P1b) trash cleaning and milling, (P2) biomass pretreatment, (P3) on-site enzyme production, (P4) enzymatic hydrolysis, (P5) yeast propagation; (P6) C5/C6 sugar fermentation; (P7) distillation and dehydration, (P8) wastewater treatment, and (P9) steam and power generation. It is assumed that 70 t bagasse dry mass and 34 t trash dry mass from sugarcane are processed per hour. The amount of trash refers to a recovery of 50% of trash. The assumptions and parameters used for the LCA model are shown in Table S4 in the Electronic Supplementary Material. For each process, the following specific considerations are taken into account.
The first process provision of sugarcane bagasse from 1G plant and trash harvesting from field, loading, and transportation (P1a) covers the provision of biomass. To be economically feasible, a stand-alone 2G plant should be located nearby a 1G ethanol plant. For LCA purposes, no transportation is considered. As mentioned before 9% of the environmental burdens of sugarcane production and transport are allocated to the provision of bagasse based on economic allocation. For trash harvesting, loading, and transportation, the same process is assumed as for 1G using a baling system.
Once at the 2G ethanol plant, trash has to be unbaled and to be cleaned by a pneumatic device to remove inorganic and organic impurities which are covered by the process trash cleaning and milling (P1b). Sugarcane trash, initially at 15% moisture (Dias et al. 2012) , is milled to a particle size of about 0.5 cm.
Sugarcane bagasse of approximately 50% moisture is provided from the 1G ethanol plant and straightforward loaded in the biomass pretreatment unit. Both sugarcane bagasse and sugarcane trash simultaneously undergo a further biomass pretreatment (P2) step. Sugarcane trash at 15% moisture (Dias et al. 2012 ) is soaked and added to the biomass pretreatment unit. The total solids (dry mass) considered in this biomass pretreatment is 40 wt%, which are submitted to a hydrothermal pretreatment at 190°C, for 12 min Petersen et al. 2009 ). The obtained pretreated material with 70-75% moisture is submitted to a solid/liquid separation step. At this stage, the pretreated solids (cellulignin) with approx. 50-60% moisture, composed of 60 wt% of cellulose (C6), 5 wt% of residual hemicellulose, 30 wt of lignin, and 5% ashes are separated from C5 liquors. The solubilization of cellulose and lignin is less than 5% .
Enzyme production (P3) on-site is considered to significantly reduce final ethanol production cost, although ethanol yield is reduced by the partial consumption of the carbon source (Barta et al. 2010) . Still, the main driving force to include on-site enzyme production in this LCA model is to better allocate environmental impacts to this step and to understand its contribution to the whole system. The enzyme production process model is based on the National Renewable Energy Laboratory report provided by Humbird et al. (2011) , considering that the enzyme production process consumes 8.25% of total pretreated solids from biomass pretreatment (instead of commercial glucose) and that 10% of final culture broth (containing fungi biomass and extracellular enzymes) is recycled for a new batch cycle of propagation and enzyme production. The mass yield of the enzyme from glucose equivalents was considered to be 0.24 kg/kg and after solid-liquid separation enzyme output in the liquid phase was considered at 25 filter paper unit (FPU)/mL.
The enzymatic hydrolysis (P4) step is performed at 25 wt% solids (Larsen et al. 2012) at 15 FPU/g dry matter (Petersen et al. 2009; Larsen 2013) and 50°C during 48 h in a horizontal tank reactor (Dasari et al. 2009 ). The C5 liquid fraction coming from pretreatment is added at a later stage of the hydrolysis step. The yield of enzymatic hydrolysis considered in this work is 80% of cellulosic fraction . Concerning hemicellulose fraction, for modeling purpose and based on experimental data obtained on the Proethanol2G project it was considered an overall amount of 70% pentoses obtained from hemicellulose fraction. Then, a centrifugation process is applied Fig. 2 System boundaries of a 2G ethanol plant in Brazil and the C5/C6 sugars hydrolysate are separated from the residual solids (Blignin cake^) which are dewatered and directed to steam and power generation. In most stand-alone 2G ethanol plant, hydrolysate evaporation is a required operation unit when the enzymatic hydrolysis operates below 20 wt% solids. In Proethanol2G-based process, this step has been eliminated because the enzymatic hydrolysis was operated above 20 wt% solids. No enzyme recycling was considered for the LCA.
The next process P5 is called inoculum preparation (propagation). Therefore, recombinant yeast propagation from 0.5 to 20 g DW/L at a yield of 0.44 g biomass per gram sugar, is performed during 30 h at 30°C and 1 vvm (volume air per volume media per minute) aeration rate, using sugarcane molasses at 60 wt% sugar with stoichiometric supplementation of ammonium phosphate (Basso et al. 2011) . Yeast pressed cake reaches 40 wt%. Due to lack of data, the ecoinvent dataset Bmolasses, from sugar beet, at sugar refinery^was modified for Brazilian conditions and using sugarcane as raw material.
For the C5/C6 sugar fermentation (P6) process, an industrial recombinant yeast, able to ferment glucose (C6) and xylose (C5) from 2G hydrolysates, is used. A fermentation period of 12 h, at 35°C, is considered with a yeast pitch of approx. 7.5 g DW/L. The yields of 0.45 and 0.35 g/g of ethanol from glucose and xylose , respectively, are considered, with sequential sugar consumption, glucose consumed (100%) first, and xylose after (80%). The generated CO 2 is released into the atmosphere.
The distillation and dehydration (P7) process is considered to be similar to the 1G conventional process.
The organic matter for wastewater treatment (P8) is mostly obtained from the following operation units: (P9) filtrate after filter cake concentration received from several processes, (P5) filtrate from inoculum preparation, and (P7) from the distillation unit (stillage). The overall organic content is anaerobically digested to biogas in the wastewater treatment unit with 81% efficiency. Biogas is boiled and used for steam and power generation while the clean water obtained is reintroduced as process water.
The steam and power generation process (P9) for the stand-alone 2G plant comprises the following assumptions. It is assumed that the lignin cake obtained after enzymatic hydrolysis, yeast cake from ethanol fermentation (P6), and fungi cake from on-site enzyme production (P3) were dewatered and were used as solid fuel. In addition, biogas generated in the wastewater treatment is co-fired in order to produce steam and electricity, adopting boilers with steam parameters of 1000 bar and 530°C and condensing steam turbines at 0.12 bar (Leal 2010) .
The main inputs and outputs of 2G ethanol production are summarized in Table 2 . A detailed overview of the mass and energy flows of each process is given in the Electronic Supplementary Material in Table S4 .
Process description for an integrated 1G2G ethanol
For the integrated 1G2G ethanol plant, sugarcane and trash are taken into account and are transported to the 1G/2G plant. The same assumptions as for stand-alone 2G ethanol plant are assumed for sugarcane and trash logistics; this means that 50% of total field trash is transported using a baling system. The product system for an integrated 1G2G ethanol plant is presented in Fig. 3 and includes 14 processes units: (P1a) sugarcane production and trash harvesting, loading, and transportation, (P1b) trash cleaning and milling, (P2) sugarcane cleaning, preparation, and milling, (P3) juice treatment, (P4) evaporation, (P5) sugar production, (P6) C6 yeast fermentation, (P7) yeast acid washing, (P8) biomass pretreatment, (P9) enzyme production, (P10) enzymatic hydrolysis, (P11a) inoculum preparation, (P11b) C5/C6 2G fermentation, (P12) distillation and dehydration, (P13) wastewater treatment, and (P14) steam and power generation. For each process, the following specific considerations are taken into account.
The process (P1a) sugarcane production system and trash harvesting from field, loading, and transportation equals to the process (P1) as assumed for 1G ethanol from sugarcane. About 50% of sugarcane trash is harvested using a baling system and transported to the 1G2G plant. It is expected that trash has an average moisture of 39.5% considering that 70% of trash recovered together with sugarcane has a final 50% moisture and the 30% of trash recovered directly from the field has only 15% of moisture. A value of 5.4 tons of trash harvested per sugarcane hectare is used. Trash cleaning and milling (P1b) is modeled as described for the 2G process (P1b). Sugarcane cleaning, preparation, and milling (P2) is the same as described for conventional 1G process (P2). The final moisture for bagasse is 50% after sugarcane cleaning process. Sugar juice treatment (P3), sugar juice evaporation (P4), and sugar production (P5) are performed as described for the 1G conventional process. It is assumed that all produced molasses are diverted to fermentation (P6). C6 yeast fermentation (includes yeast propagation) and yeast acid washing (for recycling) (P7) also equal to the 1G conventional process. Biomass pretreatment (P8) (sugarcane bagasse and trash pretreatment), enzyme production (P9), and enzymatic hydrolysis (P10) are identical as in the stand-alone 2G process. The yield of enzymatic hydrolysis considered in this work is 80% of cellulosic fraction and 70% of hemicellulosic fraction . Since the same conditions apply as for 2G ethanol scenario, the C5/C6 sugars hydrolysate, after separation of the lignin solids, were directly used for fermentation step (P11b). Inoculum preparation and C5/C6 2G fermentation (P11a,b) include recombinant yeast propagation and acid washing. Thereby, pentoses and hexoses from step P10 are fermented as described before for stand-alone 2G process (see P6). Recombinant yeast is recycled after centrifugation and treatment with sulfuric acid as in 1G or 2G processes. The distillation and dehydration (P12) process is as described for 1G. Beer from 1G fermentation reactor and beer from 2G fermentation reactors are mixed together in the 1G+ 2G configuration. Seventy-six percent of the ethanol directed to the distillation stems from the conversion of sugarcane juice into ethanol, whereas the remaining 24% come from the conversion of the available trash into 2G ethanol. As discussed for 1G, 50% of the available sugarcane juice is directed to ethanol production and 50% is used for sugar production.
The organic biomass sources for wastewater treatment (P13) of the 1G/2G process are the same as for 1G process, namely, (P2) sugarcane cleaning, preparation, and milling, (P 11a) filtrate from inoculum preparation, (P12) from distillation and the additional inflowing streams arisen from the 2G process, namely, (P1b) trash cleaning and milling, (P9) ultrafiltration permeate during on-site enzyme production, and (P14) filtrate after filter cake concentration. For modeling purposes, it was only considered streams from P1b, P2, P11a, P12, and P14.
The organic content is anaerobically digested to biogas in the wastewater treatment unit. Biogas is boiled and used for steam and power generation while the clean water obtained is partially used as process water and partly released in the agricultural fields.
For steam and power generation (P14), the following assumptions are taken into account. The filter cake from enzyme production (P9) and separation step after fermentation (P10) is dewatered and is used as solid fuel. In addition, biogas generated by the wastewater treatment (P13) is burnt to produce steam and electricity. For calculating the corresponding emissions, emission factors from the dataset Bbiogas combustion, in cogen. gas refinery^provided by ESU-services are used and complemented by emission factors for incineration of bagasse considering a mechanical collector for particulate matter and a wet scrubber for reducing particulate matter smaller 10-μm diameter (PM10) emissions (Aul and Cordova 1993) . CHP is operated under the same operational conditions as described for the stand-alone 2G process.
The main inputs and outputs of 1G2G ethanol production are summarized in Table 3 . A detailed overview of the mass and energy flows of each process is given in the Electronic Supplementary Material in Table S5 .
Results and discussion
Lifecycle impact assessment and interpretation
The LCIA was carried out applying the impact assessment methods recommended by the International Reference Life Cycle Data System (ILCD) handbook. The results and the discussion are valid for the Brazilian context. For global warming, the greenhouse gas emissions of 1 L ethanol are presented in Fig. 4 . As shown in Fig. 4 , greenhouse gas Fig. 3 System boundaries of an integrated 1G2G ethanol plant in Brazil emissions from 1G ethanol are calculated to be approximately 0.4 kg CO 2 -eq./L ethanol, whereas greenhouse gas emissions from 2G ethanol are roughly the half (0.19 kg CO 2 -eq./L ethanol). On the other hand, greenhouse gas emissions for integrated 1G2G ethanol production are calculated to be about 0.6 kg CO 2 -eq./L ethanol.
When applying energetic allocation to the final products instead of monetary allocation, the LCIA results decrease slightly. As presented in Fig. 4 , for 1G LCIA, results are 5% lower when applying energetic instead of monetary allocation. In case of 2G, the difference is 3% and for 1G2G 1%. Hence, changing the allocation procedure do not change the direction of statements. The main driver for the relatively high carbon footprint of the ethanol produced in an integrated 1G2G plant is, apart from the cultivation of sugarcane, the supplement demand on steam and cooling power which, in the LCA model, is assumed to be provided from incineration of natural gas. As presented in Fig. 5 , the highest contribution to global warming impact (GWI) with roughly 60% results from the cultivation of sugarcane in Brazil. However, due to a smaller demand of sugarcane per liter of ethanol in case of 1G2G ethanol compared to 1G ethanol, the absolute greenhouse gas emissions from sugarcane production are smaller for 1G2G ethanol (0.35 kg CO 2 -eq./L ethanol) than for 1G ethanol (0.39 kg CO 2 -eq./L ethanol). But this also means that the availability of biomass for energy generation is smaller for 1G2G ethanol compared to 1G ethanol, since first, the available trash is converted to ethanol and second, the absolute amount of bagasse per functional unit is reduced due to the smaller requirements of sugarcane per liter of ethanol. In summary, the integrated approach requires more energy per liter of ethanol compared to 1G ethanol due to more complex conversion processes. This is reflected by a resource depletion potential of 7.3E−06 kg Sb-eq. per liter 1G ethanol compared to 8.0E−06 kg Sb-eq. per liter 1G2G ethanol. Moreover, less energy is produced internally from biomass due to the smaller availability of bagasse per liter of ethanol. These reasons explain the higher carbon footprint of ethanol produced by the defined 1G2G process.
A summary of all absolute values for environmental impacts per liter of ethanol is given in the Electronic Supplementary Material in the Tables S6 to S8 . Additionally, contribution analysis for 1G, 2G, and 1G2G ethanol production considering all investigated impact categories can be found in the Electronic Supplementary Material in Figs. S1 to S3. When comparing the investigated environmental impacts of 1G with 2G and 1G2G, 2G ethanol performs better than 1G ethanol in nearly all impact categories under investigation except resource depletion. This is illustrated in Fig. 6 where the relative impacts of 2G and 1G2G ethanol are compared with the potential environmental impacts of 1G ethanol which are set at 100%. Resource depletion is strongly influenced by the process inoculum preparation which requires large quantities of ammonium phosphate as nutrient input.
The integrated 1G2G ethanol production allows slightly reductions in most of the environmental impacts except global warming, photochemical ozone depletion, and resource depletion. As mentioned already in the context of 2G ethanol, resource depletion is strongly influenced by the enhanced need of ammonium phosphate for inoculum preparation which is needed for the fermentation of the hydrolysate. Photochemical ozone formation is mainly determined by energy cogeneration and has a similar value compared with 1G ethanol. In addition, most other categories show a similar level of impact compared to 1G ethanol and, similar to 1G ethanol, are mainly influenced by the sugarcane production. Deviating from that, particulate matter emissions are reduced by 60% compared to 1G ethanol due to less biomass per liter of ethanol is incinerated to produce bioenergy and less agricultural activities are needed. Although 2G ethanol contributes to lower impacts of 1G2G ethanol, the reductions are downsized by additional demand of energy which is provided in the LCA model from fossil sources. In case of greenhouse gas emissions, the use of fossil energy even contributes to a higher GWP of 1G2G ethanol compared to 1G ethanol. Hence, from a global warming perspective, the integrated production of ethanol should distribute biomass to ethanol and bioenergy generation in such a way that the internal energy demand of the plant is covered completely by bioenergy as realized today for Brazilian 1G ethanol plants.
Land use
Based on data from Agricultural Modelling carried out by CTBE Cavalett et al. 2016) , which represents sugarcane cultivation in the south-central region of Brazil, a yield of 79 t of sugarcane stalks per hectare is assumed. This value refers to the amount which is transported to the sugar mill and already considers the reduction of sugarcane stalks for seeding and decrease due to losses within the field. The amount of sugarcane and straw needed to produce 1 L of ethanol is shown in Table 4 . For calculating the land use per liter of ethanol, the allocation factors, as described in Table 4 , are applied. Since 2G ethanol only uses bagasse and straw from sugarcane production, only 7.5% of land use from sugarcane production is allocated to bagasse and trash based on monetary allocation. Agricultural land occupation, as presented in Table 4 , exclusively refers to the agricultural activities of sugarcane production. However, additional demand for biomass and accordingly demand for agricultural land other than for sugarcane cultivation is negligibly small. As shown in Table 4 , land use can be reduced by the integrated approach by approximately 11%, whereas 2G ethanol as the stand-alone plant can reduce land use approximately by a factor of 30 (equals to 3.3% as shown in Table 4 ).
Conclusions
Two technological scenarios to produce advanced ethanol in Brazil from sugarcane lignocellulosic material were defined. As reference scenario, 1G ethanol was modeled and balanced based on current ethanol production in Brazil. To be consistent with the LCA models for 2G and 1G2G ethanol, it was assumed for all ethanol production systems that trash is harvested (50% remains in the field) and is used for energy generation although this extra energy is usually not needed for the Fig. 6 Relative environmental impacts of 2G and 1G2G ethanol compared to 1G ethanol which is set to 100% impact operation of annexed sugar mills (1G ethanol). The possibility to feed surplus electricity into the local Brazilian grid might not be given because of site conditions such as grid accessibility and stability as well as the regulatory framework (Kartha and Larson 2000) . This would, however, influence the LCA balance for 1G generation ethanol negatively and would make the use of bagasse and trash for ethanol production even more favorable compared to the use for energy generation. As shown in this paper, the scenario of 2G ethanol reveals clear advantages in most of the analyzed environmental impact categories. With regard to resource depletion, the LCIA shows higher values compared to 1G which is driven by the demand for ammonium phosphate.
Ethanol produced by the integrated 1G2G plant shows small advantages in most of the investigated impact categories, but for example, also performs worse with regard to global warming. There are two reasons which cause the higher GWP of the defined 1G2G ethanol compared to 1G: first, less amount of bagasse is available for the energy cogeneration per liter of ethanol and second, 1G2G ethanol production requires more steam per liter of ethanol. The higher demand on steam in particular results from the steam demand for converting trash to ethanol and for the generation of cooling power. Both reasons result in an external demand for thermal energy which is provided in the LCA model from natural gas and contributes to a higher GWP.
However, the energetical optimization of the entire 1G2G system can probably lead to much lower environmental impacts. For example, the change to more efficient condensing turbines operating at higher pressure (80 bar, 520°C) could increase the energy output significantly and would allow optimizing the ratio between steam and electricity (Solomon and Singh 2015) . Even if the sugar to ethanol conversion ratio is adjusted, the energy self-sufficient operation of the 1G2G plant could be achieved. As already shown by (Cavalett et al. 2017) , the carbon footprint of 1G2G ethanol can be significantly lower than 1G ethanol if the production system is energetically optimized and the amount of 2G ethanol is limited to an amount which allows an energy self-sufficient operation of the 1G2G plant.
It can be concluded that the additional use of bagasse and trash for ethanol production in Brazil principally allows the reduction of a variety of environmental impacts and allows reducing the amount of land use. In case of 2G ethanol produced in a stand-alone plant, land use can be reduced approximately by a factor of 30, when applying economic allocation to the final products and to the provision of bagasse. Highest savings were calculated for stand-alone 2G ethanol production, in particular, because impacts caused by the production of sugarcane can be avoided to a great extent. For the integrated production of 1G2G ethanol, it is important to reduce the entire energy demand of the production system and to achieve energy self-sufficiency of the operating plant to avoid additional emissions from burning fossil fuels. One way to reduce the energy demand is by performing heat integration of 1G2G process, which shall lead to a reduction of the utilities demand (heating and cooling). Consequently, the environmental impacts such as global warming, eutrophication, or acidification associated to the use of fossil fuels will be reduced.
